This study is concerned with the effects of microstructural parameters on the cracking phenomenon occurring during cold forging of two AISI 1010 steels that were fabricated by converter steel making and electric furnace steel making, respectively. This allowed a comparison between microstructures that contained a small or large amount of nitrogen. Detailed microstructural analyses of the cracked region showed that a number of adiabatic shear bands, along which cracks initiated and propagated, were formed in the top interior part of the cold-forged pulley. Dynamic torsional tests were conducted using a torsional Kolsky bar in order to investigate the dynamic deformation behavior during cold forging, and then the test data were compared via microstructures, mechanical properties, adiabatic shear banding, and fracture mode. From the dynamic shear stress-strain curves, the steel containing a considerable amount of nitrogen showed a smaller shear strain of 0.2 at the maximum shear stress point, after which the shear stress decreased rapidly prior to fracture, whereas the other steel containing a smaller amount of nitrogen showed relatively homogeneous shear deformation. This dynamic torsional behavior correlated well with the cracking and adiabatic shear banding behavior, together with the yield-point phenomenon occurring in the steel containing more nitrogen. Because the cracking occurring during cold forging was associated with the adiabatic shear banding and the yield-point phenomenon, the minimization of nitrogen and the fast cooling rate after hot rolling were suggested to prevent the cracking.
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This study is concerned with the effects of microstructural parameters on the cracking phenomenon occurring during cold forging of two AISI 1010 steels that were fabricated by converter steel making and electric furnace steel making, respectively. This allowed a comparison between microstructures that contained a small or large amount of nitrogen. Detailed microstructural analyses of the cracked region showed that a number of adiabatic shear bands, along which cracks initiated and propagated, were formed in the top interior part of the cold-forged pulley. Dynamic torsional tests were conducted using a torsional Kolsky bar in order to investigate the dynamic deformation behavior during cold forging, and then the test data were compared via microstructures, mechanical properties, adiabatic shear banding, and fracture mode. From the dynamic shear stress-strain curves, the steel containing a considerable amount of nitrogen showed a smaller shear strain of 0.2 at the maximum shear stress point, after which the shear stress decreased rapidly prior to fracture, whereas the other steel containing a smaller amount of nitrogen showed relatively homogeneous shear deformation. This dynamic torsional behavior correlated well with the cracking and adiabatic shear banding behavior, together with the yield-point phenomenon occurring in the steel containing more nitrogen. Because the cracking occurring during cold forging was associated with the adiabatic shear banding and the yield-point phenomenon, the minimization of nitrogen and the fast cooling rate after hot rolling were suggested to prevent the cracking.
I. INTRODUCTION
RECENTLY, forging producers are increasingly using precision forging in which complicated parts can be formed directly in net shape or near-net shape in order to reduce cost. Particularly in cold forging, materials with high formability that can accommodate severe deformation are required; low carbon steels are widely used for these materials. However, cracks often form at the edges of parts where deformation is highly concentrated. These cracks are associated with the formation of adiabatic shear bands, and their rapid propagation results in defective parts. [1] [2] [3] [4] Local concentration of plastic deformation may arise under dynamic loading, and this plastically localized region is called an adiabatic shear band. This shear band, developed by thermo mechanical instability, is reported to occur in titanium, aluminum, and copper alloys in addition to steels. [2, [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] When shear bands are formed, load carrying capability of the regions is radically deteriorated-causing final failure.
[17] For example, the formation of shear bands occurring during a very high-speed forming process, such as forging, induces defects in the products. Shear bands formed by ballistic impact readily cause failure of armor. [18] [19] [20] [21] Thus, studies on the dynamic deformation behavior and on the formation of shear bands are essential in improving microstructure and dynamic properties, controlling high-speed forming process, and preventing cracking. However, systematic studies have yet to be made to explain the cracking phenomenon relative to microstructural parameters and their effect on formability.
In this study, microstructural analyses were made on the cracking occurring at the top interior regions after cold forging of AISI 1010 steel pulleys. The cracking mechanism and the effect of microstructural parameters on dynamic deformation were also investigated so as to suggest the proper forging process to prevent cracking. Microstructures of the cracked regions, including adiabatic shear bands, were examined, and dynamic torsional tests were conducted using a torsional Kolsky bar. The test results were then correlated with microstructural analysis results.
II. EXPERIMENTAL
Materials used in this study are two kinds of AISI 1010 steels (0.1 pct low-carbon steels) having a ferrite-pearlite structure. The chemical compositions are listed in Table I . They were fabricated in rods 120 mm in diameter; one was processed by converter steel making and hot rolling, while the other was processed by electric furnace steel making and hot rolling. For convenience, the former is referred to as A-Steel, and the latter B-Steel. These steel rods were cut in 24-mm intervals to make discs, which were shot blasted to eliminate surface scales and then lubricated with a thinoil coating to reduce friction. Discs were cold forged to form cylindrical pulleys. Two or three cracks were visible in the top interior regions of the B-Steel pulley with no sign of crack formation elsewhere; no cracks were observed in the A-Steel pulley. Figure 1 is a schematic diagram of the cold-forged B-Steel pulley showing the dimensions and the locations of cracks.
Microstructures of the cracked regions were sectioned parallel to the radial direction and observed with an optical microscope and a scanning electron microscope (SEM). Microstructures of the steel rods before cold forging were also examined, and the size of ferrite grains and the volume fraction of pearlite grains were measured with an image analyzer. Cylindrical tensile specimens with a gage diameter of 6 mm and a gage length of 30 mm were machined parallel to the rolling direction (RD). Room-temperature tensile tests were conducted at a cross head speed of 10 mm/min. Fracture surfaces were observed with an SEM to determine the fracture mode.
To study the formation mechanism of adiabatic shear bands, dynamic torsional tests were performed using a torsional Kolsky bar. Torsional specimens were composed of thin-walled, tube-shaped gage part with a gage length of 2.5 mm and a thickness of 240 m and hexagonal flange part. The specimens were prepared parallel to the RD. A torsional Kolsky bar is comprised of a pair of 2124-T6 aluminum bars, 25.4 mm in diameter and 2 m in length. Torque is stored between the clamp and the dynamic loading pulley. Upon breaking the clamp, shear waves are transferred to the specimen and deform it. The incident, reflected, and transmitted pulses are detected, respectively, by the strain gages located at the same distance from the specimen and then recorded at the oscilloscope. Using these recorded signals, the nominal shear strain expressed in time function ␥ (t) is obtained from the reflected pulse, and the shear stress (t) is obtained from the transmitted pulse. The dynamic shear stress-shear strain curves can be drawn using the ␥ (t) and (t) values by eliminating the time term. Details of the testing method are described in the literature. [14, 22] The testing was done at room temperature at a nominal shear strain rate of about 1700/sec, from which dynamic shear stress-shear strain curves were obtained. After testing, fracture surfaces and the deformed regions beneath the fracture surface were observed with an SEM.
An optimal shape of the mold of the cold-forged pulley was designed using computer simulation from which the distribution of effective shear strain, effective strain rate, and effective stress can be obtained. A commercial deformation analysis program of DEFORM code was applied to suggest a mold shape with enhanced metal flow. The tensile test data and general properties of the 1010 steels were used for the interpretation.
III. RESULTS
A. Microstructure and Mechanical Properties
Figures 2(a) and (b) are optical micrographs (OMs) of the A-Steel and B-Steel showing basic ferrite-pearlite microstructure. Band structure appearing in pearlite grains elongated along the RD is not obvious, and MnS inclusions are observed. Because the A-Steel contains a
